Introduction
Ferroelectricity was first discovered in 1921 in Rochelle salt (potassium sodium tartrate) 1) which was used as a piezoelectric device. Potassium dihydrogenphosphate (KDP) and barium titanate (BT) have replaced Rochelle salt for practical applications. Such solid ferroelectric materials are very useful and are actually used in memory devices, piezoelectric devices such as actuators, and second-order nonlinear optical devices such as frequency doublers. In contrast, ferroelectric liquid crystals were considered as materials for display applications. This is because ferroelectric switching is associated with the changes in molecular orientation and macroscopic optic axis.
For materials to be ferroelectric, they must bear spontaneous polarization, which is reversed by applying an electric field opposite to the polarization, i.e., sustainability and switchability of the spontaneous polarization. Hence the electric response of ferroelectric materials is characterized by a single hysteresis loop. The existence of spontaneous polarization is possible only in noncentrosymmetric systems. The only point group symmetries allowed are C s , C i (i = 1, 2, 3, 4, and 6), and C iv (i = 2, 3, 4, and 6). If we imagine rodlike molecules for ferroelectric liquid crystals (FLCs), it is easy to understand the difficulty in realizing systems with such symmetries. Let us consider two examples: molecules that have a dipole parallel or perpendicular to the molecular long axis. As shown in Fig. 1 , polar orders cannot be realized because of head-and-tail equivalence for the former and free rotation about the molecular long axis for the latter. The situation is the same in smectic phases. Hence some sophisticated molecular designs are required to realize polar liquid crystals. In the following section, we will summarize efforts to realize FLCs in various systems.
Overview of ferroelectric liquid crystals
The point symmetry of the system shown in Fig. 1 is D¨h. Hence we need to reduce the symmetry to realize ferroelectric systems. The flexoelectric effect 2) would be an origin of a polar order in LC systems. Generally, however, LC systems with either bend or splay deformation cannot fill the whole space without introducing defects. The discovery of the first FLC was made by Meyer et al. 3) who introduced chiral molecules into a tilted smectic phase, SmC*. Upon molecular tilting from the layer normal, molecular free rotation becomes biased. Then we have a C 2 symmetry axis perpendicular to the tilt plane. However, the symmetry is still C 2h , since the tilt plane is a horizontal mirror plane normal to the C 2 axis. The reduction of C 2h to C 2 is possible when the constituent molecules are chiral or more exactly, when the system is chiral owing to the doping of chiral molecules. Because of the chiral molecules, the molecular tilt direction precesses from layer to layer for a helical structure [ Fig. 2(a) ]. By forming the SmC* helical structure, molecules can fill a space with bend and twist deformations, resulting in flexoelectric polarization.
As shown in Fig. 2(a) , because of the helical structure, no macroscopic polarization results, although each layer has a spontaneous polarization. In this sense, the SmC* phase is not genuinely ferroelectric, but helielectric. To achieve a macroscopic polarization, surface constraints are required. Namely, by introducing SmC* materials to thin cells, two distinct tilt directions are chosen with the tilt plane parallel to . This structure is called surface-stabilized FLC (SSFLC) and is applicable for fast display devices with bistable memory states.
4)
The same scenario is valid even for disc-shaped molecular systems. If molecules bear a dipole parallel to a disc plane and the disc normal tilts from the column axis, the pointgroup symmetry is C 2h . The symmetry reduction to C 2 is possible by introducing chirality, as in the SmC* phase. The helical structure shown in Fig. 3 The first nonchiral FLC was realized in smectic phases consisting of bent-core molecules, in which polar order is formed by a steric effect. Because of a bend shape, molecules possessing dipoles along the bent direction are closely packed in each layer, resulting in polar layers [ Fig. 4(a) ]. 6) Depending on the correlation of polarizations between neighboring layers, ferroelectric and antiferroelectric phases are realized. The first example was found in a tilted smectic (B2) phase, sometimes also called the SmCP phase, where C and P represent tilted and polar smectic phases, respectively. Because of the tilt, the smectic layer becomes chiral, and four polar phases are possible to be formed: SmC S P F , SmC A P F , SmC A P A , SmC S P A , where subscripts S and A for C respectively stand for synclinic and anticlinic, and subscripts F and A for P respectively stand for ferroelectric and antiferroelectric.
7) The layer chirality in SmC S P F and SmC A P A is uniform (homochiral), whereas that in SmC A P F and SmC S P A changes alternately (racemic). Two ferroelectric phases, SmC S P F and SmC A P F , are illustrated in Figs. 4(b) and 4(c), respectively.
In addition to the so-called B1-B7 phases reviewed in detail, 8, 9) several polar orthogonal smectic phases (SmAP) were also discovered: SmAP A , 10) SmA d P A , 11, 12) SmAP R , 13) SmAP AR , 14) and SmAP F [ Fig. 4(d) ]. 15, 16) The subscript d for A stands for interdigitated; molecules in neighboring layers are partly interdigitated. The subscripts A, R, AR, and F for P represent antiferroelectric, random, antiferroelectric random, and ferroelectric, respectively. Among all these tilted and orthogonal polar smectic phases, the polarization direction is parallel to the smectic layer, but is not fixed. Recently, an additional ferroelectric phase was discovered in an orthogonal smectic phase: a polarization-modulated SmAP Fmod phase with a periodic undulation of the polarization and modulated layers as structural features and with a bistable response to an electric field as switching characteristics. 17) Since the polarization direction has arbitrariness in the layer plane, the molecular polarizations tend to be splayed or modulated to avoid macroscopically polar states. [16] [17] [18] [19] Moreover, the polarization near surfaces is easily influenced by the surfaces when the layer is aligned perpendicular to the surfaces. For these reasons, it is not easy to obtain uniform layer structures by conventional methods such as rubbing. Hence the chance for electrooptic applications such as displays is rare. 20) Realistic demonstration was accomplished only for the SmAP R phase: the layers are aligned parallel to substrates. Because of randomly oriented polarization, the phase appears to be the uniaxial SmA phase, resulting in a (a) (b) (c) completely dark state between crossed polarizers. By applying an electric field parallel to the layer, polarizations tend to orient and induce birefringence. The orientational change from the uniaxial to biaxial states occurs continuously and quickly. 21) The results of the analysis of second-harmonic generation (SHG) against an applied electric field confirmed the existence of macroscopic polar domains consisting of a few hundred molecules. 22) 
First genuine ferroelectric liquid crystal: Columnar liquid crystal with ising polarization
As mentioned in the previous section, most FLCs have been found in smectic phases. In these materials, spontaneous polarization is in the two-dimensional plane of the smectic layers, and hence is macroscopically cancelled out without the support of surfaces such as those of glass substrates. There have been a few reports on columnar phases showing the ferroelectric response, as mentioned in the previous section. 5) However, in this case, chiral discotic molecules are arranged in a tilted geometry, which generates polarization in a perpendicular direction to the column axis (Fig. 3) , so that the system still requires the surface constraint to compel the helical geometry to unwind. Therefore, here in this review, this is categorized as a smectic FLC.
On the other hand, many researchers have been tackling the challenge of realizing ferroelectric columnar LCs with an electrically invertible spontaneous polarization along the column axis, i.e., Ising-type polarization (Fig. 5) . Unlike the conventional FLCs, this type of FLC will not exhibit any optical change during the switching process and hence is unsuitable for display devices. However, they are still attractive, because of their potential for use as a material in unconventional ferroelectric devices such as an ultrahighdensity memory, in which every single column ultimately serves as a binary digital element. Already, some columnar LCs that show an electrically invertible axial polarization have been developed, [23] [24] [25] [26] and in fact, they sometimes appear ferroelectric under an AC electric field of faster frequencies than the response time. However, in actuality, they relax into the nonpolarized state after terminating the electric field, so they are not "genuine" ferroelectric LCs.
Recently, the first genuine Ising-type columnar FLC (hereafter, FCLC) has been found in the fan-shaped molecular system carrying a polar phthalonitrile head group that anchors tapered paraffinic wedges via a hydrogen-bonding amide linker [ Fig. 6(a) ]. 27) This material has only one mesophase below the transition point (³140°C) from the isotropic phase, as confirmed by differential scanning calorimetry and polarization microscopy (POM). In addition, on the basis of X-ray diffraction (XRD) analysis (Fig. 7) , the structure in this mesophase is classified as hexagonally packed cylindrical columns (Col Hex phase). Because of the molecular design and the d-value obtained from the above XRD result, it is considered that three or four fan-shaped molecules self-assemble into a conical object [Figs. 6(b) and 6(c)] with polar cyano groups inside, which stacks into a column via hydrogen bonding and van der Waals interac- tions at the amide and paraffinic parts, respectively. The hydrogen-bonded amide network is developed along the column axis and ensures a core-shell architecture, in which a large paraffinic shell wraps around a polarizable core domain accommodating arrayed cyano groups. In this case, the point group symmetry of the system is considered to be C¨v. Let us show how the mesophase of FCLC looks under electric field application. The texture of a virgin LC cell filled with FCLC, cooled from the isotropic phase, shows fanshaped domains, as shown in the left half (Area A) of Fig. 8(a) . On applying a DC electric field perpendicular to the plane of the paper (vertical electric field), the texture in the electrode area (Area B) in Fig. 8(a) completely disappeared. This dark texture implies reorganization of the columns to the vertically aligned state, because the hexagonal symmetry is optically isotropic when it is viewed from the top. The column alignability can also be observed by applying an in-plane DC field. Figure 8(b) shows a smooth birefringent domain developing between in-plane electrodes.
In this study, SHG was used as the main observation tool for the development of spontaneous polarization, because it enables us to search the polar ordering without using an external electric circuit. Figure 9 (a) is a time course of SHG response through the above alignment process with a vertical electric field. As mentioned above, in the Col Hex phase of FCLC, polar stacks of the conical assemblies are uniformly reorganized by applying a DC electric field. In this process, the polarization due to the central cyano groups is fixed properly by hydrogen bonds of the surrounding amide groups, and hence the SHG signal intensity grows for several minutes, as indicated by the closed circles in Fig. 9(a) . On terminating the electric field after a sufficiently long time, the SHG signal is reduced but is still sustained owing to the remnant (spontaneous) polarization. The SHG response from a virgin sample cell upon applying an AC-field is also plotted as open circles in Fig. 9(a) . In this case, a weaker SHG signal emerges promptly after the start of field application, but does not grow, unlike that in the case of applying a DC field. By terminating the AC field, the signal promptly returns to zero. Thus, in this system, there are two kinds of polarization switching schemes: ferroelectric and paraelectric-like ones. Referring to the response times in the literature, 28) the latter is considered to be related to the hydrogen bonds. SHG interferometry was employed to examine ferroelectric switching while eliminating ionic artifacts that are often unavoidable in electrical measurements. In this method, polarization reversal can be observed as an inversion of interference fringes owing to the ³-phase difference in SHG waves between positive and negative field applications. A typical result proving ferroelectricity in FCLC is shown in Fig. 9(b) , which was measured for FCLC in an LC cell after applying a sufficiently high DC field («10 V/µm). Thus, the Col Hex phase of FCLC is proven to be a ferroelectric columnar LC phase with Ising-type polarization -an electrically invertible spontaneous polarization along the column axis. Besides the SHG measurements, electric current measurements (P-E hysteresis loop measurements) have also been conducted for the aligned cell to evaluate the ferroelectric property of the current system. Displayed in Figs. 10(a)-10(c) are switching currents measured for various frequencies. The current curves for faster frequencies [ Fig. 10(a) 10 Hz] show no clear peaks, and hence no ferroelectric switching has taken place. However, the data for the slower frequency [ Fig. 10(b Fig. 10(c) ], clear single peaks can be confirmed in each half-cycle. The switching time estimated from the current peak was on the order of tens seconds, which is much slower than that of conventional FLCs. The P-E loop integrated from the curve in Fig. 10(c) is shown in Fig. 10(d) with a clear hysteresis, typical of ferroelectric materials, where coercive field E c , spontaneous polarization P S , and remnant polarization P r were evaluated as 2.3 kV/cm, 5.8 µC/cm 2 , and 1.7 µC/cm 2 , respectively. It is worth noting that the observed E c is much smaller than those of ferroelectric polymers, 29) whereas the observed P S is larger than those so far reported for the conventional FLCs (<1.0 µC/cm 2 ). In the rest of this review, we demonstrate the ferroelectricity in spin-coated thin films of FCLC. 30) Figure 11 (a) is a polarizing optical microscope (POM) image taken for a spincoated FCLC film (less than 100 nm thick) on a substrate coated with a transparent electrode. Slight brightness can be seen due to light scattering from the nonaligned multidomain structure. Afterwards, a vertical electric field was remotely applied to this FCLC film through the free surface by the noncontact (corona) poling method: a high DC voltage (³6 kV) was applied to a thin tungsten wire strained 1 cm above the sample surface, during the sample cooling process from 150°C (Iso) to 120°C (Col Hex ). Then, the texture completely disappeared, as shown in Fig. 11(b) , similarly to the aforementioned observation on the LC cell [ Fig. 8(a) be aligned along the surface normal on applying a vertical electric field. SHG measurement more explicitly demonstrates the reorganization and vertical alignment of the ferroelectric columns in the film. As shown in Fig. 12 , SHG signals are induced after poling, indicating the realization of polar ordering in the poled FCLC film. This SHG signal remains and stays almost constant for at least three hours, unless the film is melted to the isotropic phase by further heating [ Fig. 12(b) ]. Thus, simply by annealing these wetprocessed thin films under electric potential such as those by corona poling, uniform ferroelectric films can be easily fabricated.
Summary
We introduced the first genuine Ising-type ferroelectric columnar liquid crystal in this review. This new ferroelectric material was realized through a deliberate strategy of molecular design: a particular type of fan-shaped molecule possessing a polar phthalonitrile head group that anchors tapered paraffinic wedges via hydrogen-bonding amide linkers was designed. Ferroelectricity was confirmed mainly by the SHG technique, which is a reliable tool that is negligibly affected by ionic artifacts. The spontaneous polarization P S was much larger than those of the conventional ferroelectric liquid crystals so far reported. In addition, reorganization of the ferroelectric columns makes it possible to realize uniform wet-processed ferroelectric films. These features would lend superiority to the conventional ferroelectric liquid crystals when fabricating potential thin-film devices such as ultrahigh density ferroelectric memories. 
